
OFFICE OF NAVAL. RFSEARCII

00
0Contract N00014-84-C-0708

(0O

R&T Code 4131022

Technical Report No. 22

Persistent Spectral Hole-Burning: Photon-Gating and
Fundamental Statistical LimitsDT1C

DEC 1 41989
D W. E. Moerner

Prepared for Publication

in

Proceedings of Polymers for Microelectronics, Science, and Technology 1989
Y. Tabata, I. Mita, and S. Nonogaki, editors

(Kodansha Scientific and VCII Publishers, 1990).

IBM Research Division
Almaden Research Center

650 Ilarry Road
San Jose, California 95120-6099

November 3, 1989

Reproduction in whole, or in part, is permitted for any purpose of the United States
Government.

This document has been approved for public release and sale; its distribution is
unlimited.

89 12 ..2



RJ 7119 (67366) 11/3/89
Physics

PERSISTENT SPECTURAL. 1101 F-BURNING:
PIIOTON-GATING AND FUJND)AMENTAL. STATISTICALI LIM~ITS

W.F. Moerner

IBM Research D~ivision
Almaden Research Center
650 1Harry Road
San Jlose, Calif'ornia 951 20

Abstra.ct: l'undi~amietalz limit-, onl frcquencv-domain optical storage Using peri-qstent spectral
hIoICle-urinlg follow From11 both thle eXpCCte~l configuration of' thle storage syvstemI and] from
physical cffiects such as thle photophxNsICS of'theC light-induced reaction in the material, photon
quantumn (shiot) noise, and statistical fluIctuationls in additive randomn quantities. XWhcn
frequeCIny-domiain readling and writing in focused spots is considlered, the large class of'
singlc-photon materials, can bie shown to have serioLIs limitations From a signal-to-noise point
Of Vie\V. This has stimulate1Md interest in photon-gated materials which 61fkctivelN. have a
threshold in thle writing process, controlled by a second light beami of' a different color.
Fundlamental statistical limits onl persistent spectral hiole-burning can also be illustrated using
recent measurements of'statistical fine structure in solids. Othe1r recent experimients in which
thle abs .;rtion spectrum1 of a SinlleI absorbing moleutie in a solid was mecasured ret resent
an extreme limit onl persistent spectral h1ole-burning effects.
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PERSISTENT SPECTRAL IIOLE-BURNING: PIOTON-GATING AND

FUNDAMENTAL STATISTICAL LIMITS

W. E. M oerner

IBM Research Division, Almaden Research Center

K9, 1R01, 650 Harry Road, San Jose, CA, USA 95120-6099

ABSTRACT: Fundamental limits on frequency-domain optical storage using persistent

spectral hole-burning follow from both th. 2xpected configuration of the storage system and

from physical effects such as the photophysics of the light-induced reaction in the material,

photon quantum (shot) noise, and statistical fluctuations in additive random quantities.

When frequency-domain reading and writing in focused spots is considered, the large class

of single-photon materials can be shown to have serious limitations from a signal-to-noise

point of view. This has stimulated interest in photon-gated materials which effectively havc
a threshold in the writing process, controlled by a second light beam of a different color.

Fundamental statistical limits on persistent spectral hole-burning can also be illustrated using

recent measurements of statistical fine structure in solids. Other recent experiments in which

the absorption spectrum of a single absorbing molecule in a solid was measured represent

an extreme limit on persistent spectral hole-burning effects.

1. INTRODUCTION

Persistent spectral hole-burning (PSI IB) [I] is a process whereby "marks", or "holes",
are made in the inhomogeneously broadened absorption line of guest centers in an

amorphous or crystalline host matrix by ficquency-selectivc photochemistry and/or

photophysics. PSI lB is an active area of current research for two main reasons: (1) spectral

holes are uniquely sensitive probes of guest-host intcractions, perturbations by external fields,

and the complex distributions characteristic of polymers and glasses[2], and (2) the presence

or absence of spectral holes may in the future be used to store digital data in an extremely

high density frequency domain optical storage system (1:)( )S)131.



If one steps back from the detailed PSI IB properties of a single material, several general

limits on the PSHIP process may be recognized. To be usefil fbr optical data storage where

bits are stored in focused spots and read out by scanning a tunable laser[4], it seems fairly

clear that single-photon processes have severe signal-to-noise limitations[S] and therefore

must be replaced by gated hole-burning mechanisms that can be read nondestructively[6].

Another fundamental limit derives from the recently-observed statistical fine structure

(SFS)[7], an intrinsic property of all inhomogeneously broadened lines, which represents the

shallowest spectral feature that can be detected within such lines. A third limiting regime

for PSHB is suggested by recent measurements [8] of the optical spectrum of a single

molecular impurity in a solid: can PSIIB occur for one, single impurity center, yielding true

molecular or atomic storage?

2. LIMITATIONS ON SINGLE-PHOTON MECIIANiN'1S

Turning first to the limits of single-photon mechanisms for frequency-domain optical

storage applications, it must be recognized h'om the outset that the utility of a particular

material for FDOS depends somewhat upon the actual storage configuration. For the case

of frequency-scanned readout in small focused spots, single-photon processes provide

sufficient signal-to-noise ratio only over a very limited parameter space[5]. For definiteness,

we assume the following about the optical storage system: (i) the writing and reading times

are on the order of 30 ns/bit, (ii) the focal volume in which many frequency-domain bits

are stored is 10 pim in diameter by 100 pm thick, and (iii) the readout signal-to-noise ratio

must be greater than or equal to 26 dlI in the full reading bandwidth. The key point is that

all these properties must be present siMuhaneously: the material must have the ability to

form deep holes in short burning times and yet allow fast reading at high signal-to-noise

ratios with focused beams. These reasonable requirements place several well-defined

constraints on the dynamical properties of the hole-burning mechanism.

For example, a material with low hole-burning cfficiency would be quite easy to read

without serious destruction of the written holes, but such a system would be difficult to write

with high contrast in short burning times. Conversely, a system that shows Fast burning

due to a high quantum efficiency for hole production would be (ifficult to read without

burning of the n, ,,ritten centers by the tightly focused reading beam. Thus, the essential

problem with so photon processes is that there is no threshold in the hole Formation

mechanism. The process of hole detection requires the absorption of photons by the

remaining unburned centers, and if high powers arc necessary to detect the dip in the

absorption line with adequate signal-to-noise, the hole pattern can be destroyed by the

reading laser beam (i.e., a "trench" can be formed over the spectral region probed by the

readling laser).
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To understand this problem more fully, we review an analysis[5] of the coupled

reading-writing problem in small spots for materials with monophotonic or single-photon

hole-burning mechanisms. The material is characterized by two microscopic parameters: the

peak low temperature absorption cross section c, and the hole-burning quantum efficiency

n[9]. The plan of the analysis involves using simple rate equations to compute the largest

hole depth that can be produced in 30 ns. Then one computes the read signal from the

resulting hole (in transmission) for a 30 ns reading time, requiring that the readout SNR is

large enough for practical digital data retrieval. The deepest hole that can be burned in 30

ns has relative depth near qj, because with excited state lifetimes on the order of 10 ns, each

center can absorb at most only a few photons. During reading, the detection process is

assumed to be quantum (shot) noise limited, and the reading laser power is increased until

the required SNR of 26 dB in 16 Mlz bandwidth is reached, or until power broadening

occurs due to saturation. The resulting SNR can be expressed as

SNR = (?IQfRArR/2)" 12 no oL exp( - aI1/2), (1)

where I/Q is the detection quantum efficiency, It is the reading photon flux, A is the laser

spot area, 'R is the reading time, L is the sample length, and cq, is the initial absorption

coefficient before butning. This is the SNR for the first read exprcssed in terms of a current

ratio (or equivalently, voltage ratio across a fixed resistance).

Number Density of Centers af ci (cm - 3 )
1018 1017 1016 1015 1014 1013

Photochemical broadening

Z: ALLOWED REGION
~10-2 F,*- *N 2P

(I RaO~jH 2PC

L. 10
- '

-COLOR CENTERS- * Q
10-6 l I i

10-16 i0-14 10-12 10-10
Cross Section a (Cm 2

)

Fig. I Allowed region of efficicncy i1, number density of centers at w, and cross section a
in order for the first read to yield acceptable SNR. The various abbreviations are defined
in Ref. [5].

Figure I shows the region in the )7-a plane in which lFq. (1) yields SNR > 20 (voltage
ratio). The analysis assumes that the sample ahsorptivitv has bccn nrcviouslv set to the

valie o,,T = a-N,,I, - 2 which can be shown to vield the optimum SNR [5]; hence the

concentration of centers N, necessary to keep "y,> fixed (top axis) iut decrease as the cross
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section increases. The concentration N. refers to the number density of centers within one

homogeneous linewidth of the burning laser frequency wj; the total concentration of centers

would be larger approximately by the ratio of the inhomogeneous to homogeneous widths.

The triangular region in the figure represents the class of materials that would yield

acceptable signal-to-noise ratios for the first read after burning a single hole. This means

that a useful singlc-photon material must have loy absorption cross section and high

quantum efficiency, with suflicient solubility in the host to permit the concentrations shown

on the upper axis. The boundaries of the allowed region are defined by an upper limit on

the practical value of ;I that can be reached without hole broadening due to excessive

photocbemistry, an upper limit on the tolerable density of centers at u without undesirable

intercenter interaction, and the requirement that during readout the reading intensity be kept

below the saturation intensity for the transition. The various symbols locate a representative

class of previou.:!y studied single-photon materials, none of' which fall within the allowed

region for the first read.

So far, only the SNR requirements for the first read directly after writing have been

considered. I lowever, one realizes very quickly that at the power levels rqircd to achieve

usable SNR, the entire absorption line scanned by the reading '..scr is gradually burned .....

during each successive read. It is possible to determine M, the number of reads that can

be achieved for each I - 7 pair before the SNR drops to unacceptable levels (see Ref. [5]).

Near the power broadening boundary line and in the upper right portion of the allowed

triangle in Fig. 1, the nt mber of reads is fairly small and a practical storage system based

on such materials would require excessive refreshing capability. Much better performance

results in tile upper left corner, i. e., at high quantum efficicncy and low absorption cross

section. From the physical point of view, high q is needed so that the hole produced in the

30 ns burning time is as deep as possible, thus less reading laser power is required. Low

cross section means that more photons pass by a given center without absorption, and these

photons can then improve the SNR at the detector. For materials in tile upper left corner

of the triangle with 71 near 0.1 and 7 near 10 15 cm 2 , thousands to tens of thousands of reads

can be achieved before refresh is required.

The results in Figure I show that a well-defined challenge exists for scientists in the field

of PSI 113: find singc-photon materials that have values of quant uni efficiency and cross

section that fall within the allowed region, as well as solubilities that allow concentrations

shown along the top axis. One might look for hole-burning in partially allowed transitions,

such as n-n transitions of organic molecules and d-f transitions of divalent rare earth

systems. i lowever, the parameter space of useful il-er valucs i: otncwhat small. This is a

result of the unfortunate fact that detection of spectral hole means measuring the absorption

from centers that have not left the inhonogeneous line. In other words, writing of unwritten

centers can occur during reading, and this problem is most severe under tile condition- of
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high data rates with tightly focused laser spots. Such a limitation with single-photon

processes is not too surprising when one recognizes that essentially all currently practical

long-term storage technologies feature some type of hysteresis or threshold in the storage

mechanism.

3. PIIOTON-GATFED PROCESSES FOR PERSISTENT SPECTRAI. I OLE-BURNING

The lack of a threshold in single-photon processes for PSIIB prompted a search in many

laboratories for gated PS-IB mechanisms, where a secondary gating field in addition to the

frequen.-y-selecting light beam must be present fbr persistent spectral hole formation. In the

class of photon-gated mechanisms[6], a secondary light field usually at a different wavelength

is required for the photoreaction leading to writing.

The first requirement for gating is that irra(iaticn with the frequency-seiective wavelength

causes no persistent photoinduced change in the absorbing center. However, when the center

has been placed in the excited state by absorption of a frequency-selecting photon and an

external "gating" photon is present, a photoinduced change occurs and the center enters a

new ground state or permanent reservoir that no longer absorbs at the site-selecting

wavelength. The "dip" or region of reduced absorption that is left behind in the

inhomogeneous line is the resulting spectral hole that can be detected nondestructively by

scanning the frequency-selecting wavelength and measuring the absorption (i.e., by the

ground state population that has not reacted). In this manner, gated mechanisms add a

crucial threshold to the hoie formation process. which allows the writing and reading

processes to be uncoupled.

3-Level Gated Material 4-Level Gated Material

SReservoir Reservor

h2 "2 
hW2 

)

I writ
I I I$ wrI(

2

2--
I -1

w r:h I read

read ,1

Fig. 2 (a) Optimal level structure of a three-level photon-gated PSI!IB mechanism. The
absorption should he mall in the circular regintus. (h) ()pti;l lc\cl siructurc of' a four-level
photon-ga ted PS1111 meIha ni smi.
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Figure 2 illustrates some general requirements on three-level and four-level photon-gated

PSIIB mechanisms in order to achieve high overall efficiency and high gating ratio, where

the gating ratio is a measure of the cfliciency of two-color hole production divided by the

elTiciency of one-color hole production with ,l alonc[IO]. While the exact materials

requirements depend strongly upon the actual system configuration and signal-to-noise

requirements, some general comments about the required level structure can be made.

The left side of Fig. 2 illustrates the three-level system which is the common

configuration for many inorganic materials. A first requirement is that A, should be larger

than )2, so that the site-selecting beam cannot also easily act as the gating beam. The

absorption in the circular regions should be small to reduce one-color burning (by three A,
photons, case a) or bleaching by the gating light (by two ; 2 photons, case b). The lifetime

r of the intermediate state 2 should be long enough to allow large populations to build up

in this state for further excitation to the reactive levels 3. In cases where T is much larger

than the data access time the storage material does not have to be exposed to both photon

energies simultaneously. Further, there is no fundamental need for a frequcncy-sclcctive

narrow-band transition from level 2 to level 3; however, in certain instances, narrow-band

levels 3 involving transitions with high peak cross sections may he prefer ble to a continuum

absorption such as a conduction band. The microscopic yield n from the reactive levels 3

should be as large as possible for high overall gating efficiencv.

In principle, systems with Al = A2 can exhibit gated PSI11 in the sense that the

hole-burning yield is nonlinear with laser intensity[l I]. For example, at low powers the hole

formation rate may scale quadratically with laser power, whereas at high powers level 2

saturates and the hole formation rate scales linearly with laser power. (This is simply

two-phton photochemistry with a resonant intermediate state.) However, in actual

situations, signal-to-noise requirements often require that the reading laser power be so large

that the quadiatic regime cannot be utilized. In addition, the requirement of non-destructive

reading makes it desirable to use systems with ;I #i A2 permitting complete decoupling of

reading and writing processes.

The right half of Fig. 2 illustrates optimized photon-gated PSI 1 with a four-level system.

lere the intermediate state i is distinct from state 2, which allows independent optimization

of the level lifetimes. This level structure occurs quite commonly for organic materials in

which statc I a.nd 2 are part of the singlet manifold and level i is the lowest triplet state.

The required lifetime r of level 2 will often be determined by a combiration of the required

hole width, data rate, and absorption strength. [or example, if' is too short, the holes

will be necessarily broad. For efh,,,ient gated PSiI I the ( 2 - i ) rate F, should be as large

as possible consistent with the requirement that the lifetime of levcl 2 not be too short.

Further, a long intrmediate state lifetime r, would bc ad vantigeowu in achieving a large

population in level i. It is evidcnt that absorptions 2 (a) I (1)) and i - (c) involving
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photons of frequency 1), w2, and WI, respectively, should not be large in r to prevent

undesired bleaching and inefficient excitation of interfering levels. Of course, tne microscopic

yield n? from the photoreactive levels 3 should be as large as possible for efficient

photon-gating.

To date, a number of inorganic and organic examples of photon-gating have been found.

The reader is referred to two recent reviews on the subject for references to specific

materials[12,13]; only general remarks will be made here. While the inorganic systems are

generally crystalline and thus have narrower low-temperature hole widths, the absorption

cross section is often low. One outstanding material in this class is actually the first materia!

to show photon-gating: Sm 2 
I ions in BaCIF c:ystals[14]. This mancrial has high gating

ratio, and has shown the novel property [15] that holes burned at liquid helium temperatures

may be cycled to room temperature for some hours, after which the holes can still be

detected after recooling to low temperatures. For the organics on the other hand, the cross

section is usually high, but reversibility may be harder to achieve. For one donor-acceptor

class of materials [16] consisting of a Zn-tetrabenzoporphyrin (erivative with halomethane

acceptors in PMMA, fast (8 ns) burning of detectable spectral holes in focused laser spots

has been observed[17]. In recent measurements[18], the gating ratio of one member of this

donor-acceptor class has been found to increase with temperature from a value of --100 at

1.6K to -10,000 at n- 100 K. This is most likely due to the photophysical nature of the

one-color hole-burning: at higher temperatures, higher barriers must be surmounted to

produce a persistent one-color hole. The photochemical electron-transfer process operative

for two-color irradiation is not temperature dependent.

4. OPTIMAL. PIIOTON-(,ATI-I) MATERIALS

Using a signal-to-noise analysis similar to that ill Sec. 2, the optinmal materials properties

for photon-gated materials may be derived for the case of fiequency-domain readout[10].

One has to again make some assumptions about the performance characteristics of the

frequency domain optical storage system, and we follow the considerations of Ref. [5].

We assume that a transmission measurement technique is used for the data readout. Data
are cncoded in ti e fitecy domain by the presence or absence of narrow spectral holes,

each of which represents a characteristic absorption change Aoa, where C = (TIN,,, is the

absorp~lon cccliciert lere, (7, is the low temperature absorption cross section of the

ficquency-selecting optical transition and N,, is tile concentration of optically active centers

that are within a hiomogeneous linewidth of the laser Freq iiency (,,. If N,,, is the overall

concentration of centers whose resonance fre(l iiencies are distributed over the

inhonlogeneously broadened transition, N,,, -A

A itieftil quantity for modeling of photon -,ated ma terials is the eflciivc hole-burning

yield ),7. which is defined as the relative a bsorp iil cliange ;1, A- -f,,. ltha is prodticed by
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persistent spectral hole-horning (luring tile writing time of 30 ns. I Ue to tile Complex nature
of- gatedl PSI lB processes, the hole-burning yield depeflds critically onl the specific properileS

of' thle PSI II3 material ats well as onl thle writing conditions. It Is obvious that it is desirable

to optimize thle writing conditions to produce the largest vield il, possible.

[or data readout it is essential to dliscriminate between the optical transmission
associated with a spectral hole and the original lower transmission characteri/ing the absene

of a hole. The difference betwveen the two corresponding photecurrents dlefines thle amplitude

of the reading signal S that has to be detected,

S =eqi0(Plh)) exp[ - (I - ~q,) NjJ -- exp[ - lJ.(2)

where P is the laser power impinging onl the photodetector, ho) Is thle photon enerTgy, I is

thle thickness of' the storage mediuim, andl c is the electronic charge. Assuming

shiot-noise-limilted detection thle rms noise current averaged over thle reading time TRis givenl

by

N =e1(Ii() 1 ) e XP( - (I - N. 4ep( C7, N... 1 ]! (3)

E.qs. (2) and (3) define thle achievable signal-to-noise (voltage) ratio, SNl( S, N. We take

SNR =20 (voltage ratio) in a read time of 30 nis as the m~'i-uir valuc -(luircdA kor at

practical storage system. iMost of the parameters in EqIs. (2) and (3) are deterii~d by thle
storage material itself- TIhus, Eqs. (2) and (3) _ai, be used to 1icletink- suitable combinations

of material parameters so that SNR > 20.

In principle, the signal-to-noise ratio can be improved by increasing the read power.
For simplicity here, we place a reasonable limi-it onl the reading powkekr of 110 ni\V. Furthier.
we rule out excessive power broadening during ieadlout by choosing a phetinmenological

limit on thle laser power Focused on thle storage inedim: P)-_ 2Alno)/i 1TR.j where A -7.9
X 10 cm 2 iS thle laser beam area corresponding to a bearii (ianmeter of, 10 pml.

With these considerations it is now possible to idenif suitable mnaterial pa ra meters ni

N,,,. , and ?il which result in SN R >- 20. It is ica ni ngfki to c~Iasslfiii a erik is Y a
cc;itration-thickness prodiuct N ,L, as long as the mnat erii tlck ness I I docS; iiot execed

thle depthl of field (as givenl by the Rayleigh range) assoclitd withl thIefc . i l~e beatii
of 10 pin diameter, i.e. 1, < 100 'i.Ietiyn Aas h\ suitaible comlbiluitiso

and1 N, _I, u~tg thle hole-burning yield :*, as a narameter Is particularly helpful for est1;1Hlilu1u

guidelinecs f'or the search of- promising PSIII ll ateriNils, and tlii ; is donle ill I ipuie c
Materials within the shown boundaries for par-ticular V,'aliies Of' )1 pCi n1it data readout with

a signal-to-noise voltage ratio SNR --' 20 using the readinsg coilkit](,tiN dc~cilhcd ait-)e.
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li-g. 3Materials constraints for gated PSI TB materials in order to achiev rcia /
ratios. The various regions and symbols are defined in the text. To Illustrate theceffct of
.Increased laser power, the dotted line shows the q, boundary for l100 mNi reading power.

It is illustrative to describe thle physical meaning of' the boundaries in I Figuire 3. For high

cross sections (7 and large values NJ,. the optical absorption becomes very strong.
C onseqluently little light power imges on thle photodetector anrd the signal-to-n oisc ratio

is low. For high ry, and low values NJI the aclvhesignal-to- noise is liniilted by thle las er
power that induces saturation broadening of the spectral holes. TFor 7, -- 10 ci 2 thle

available laser power of I OriiW is lower than the saturation power and thTis (fefirles the SN R

limit. At the top of thle figure, undesirable intecractlonls between tile opt)ically active centers,

e.g. eniergy nmigrat ion fund coopera tive excited -state q ucilig. Canl restrict thle usable

concen1tration of centers; this lini Is highly material depenidenit. WithI a max XItinIIII material

thickness of I - 1O;lm., N 1, is ultin-atcly limited to - 10' cml , since thle colresponding

tota concentration of centers N1,,4 approaches tile density limi1t of' solid-state materials lIn

the [Ftbricattort of' rmterils contamining optically active centers It is usuially riot aI problem

t~ioos very low coricetitratioris. I lowever, in nlan\ ca;ss hii (oneritr;itiors oif- centers

are difficult to prepare or ire intolerable- for physical reasons. Ili' right axis of' Figure 3

gives, the center ortcentritton N... tinder the aissntptiiii tfi;it the nMAXItMUMn mia)l thi11cknes

1, lit /In0 s11 usewd.

Ilie restilts of thi1s arIis clearly show thuI a sitalel INS Ill nt;itcil ltu to cilir

j center coricettratiori III ec of 101 (" m '. In case oIf' gaItks PSI1B Tthechiv~f \aefd

d.tep~eud through cotiilexrlairslil on the miicrocipIC 11M'W ill\of\ d ill the

pfhoto-irdticed imaterial trariforitition as well is the ;iioiiit of wite powecr avalilbl for

thle fh eiuency selcti e excita1tion arnd the( subsequenlt Citito im i 1)'(k s Inl urlritorn siT) i
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broadening of' the produced hole, ei ther by sa turdtioin of' tile tran sit(ion or lvw e \C ('s C

hole-burning, imposes a limit on yield q,. F or this analvsi s, it seemns ;ust died to res;tll: rilt,

hole-burning yield to , < 0. 1. [he (7, -- N...1 paramieter spac shrinks rail\ a ~;o

decreases. In order to successfully inmplemnen t a Vreq necT IC doia in ('ptiCal otoIrajL systemn

based on gated mechanisms,, it is critical to find a marterial that permits pat cc PS1 III 'A iI

very high efficiency in the short writing times requnired fEm kiist kia ta t ran ,~fer ratces.

5. STATI STICAL 1.LIMITS: ST'ATISTIC(AL I.1NE SIRI '( "I IRI

A second Fundamental limit on PSI III is the recent lv observed staiIiIaI, Nt tlire

(SI'S) on the inhomogeneous line[7J . SFS a rises From the !fact that cverxit rn clco

profile is actually composed of' a large n umber of' discrete honilogencouii (I o rerint iric

that superpose to give an overall (Gaussian envelope. ['ponl clos e inspTect onl of tIIhc

inhiomogeneous line of pen-tacene molecules in p-terphenyl crystals, it kvas reccnt l pros en

by direct observation [7] that a fundamnrtal 'spectral nioise' (SI'Si Is resenMt deC To nm

fluctuations In the spectral density of' absorbers with optical1 wavelenglth.

The source of these fluctuations of' thle Optical ablsorption wh fI kIeCj unc Mi% 1 be

understood inI the following manner. D~ue to the ra uclonmiess a ssocited sihthe

imperfections in the host material, inoogneCouIS ahsorptionI ines (at least near, their

centers) are often approximated by smooth, Gaussian pronlles[ I)I.IIowes er. sinc The

inhornogeneous line on a microscopic scale is simply a superposition ol i VP',I,

homogeneous lines with widths as much as 1 000) times narrower thni thle overail

inhomogeneous profile, the true shape of' the inhoniogencous l ine cannot be ai smuo(th

function in reality. In I'act, unavoidable numnber fluctuta tion s inI the den sits of a rhrper

unit wavelength Interval should give rise to a "1spectral nIoise 01 ile overall ( an 'aaill

background that scaes as thle sq ulare root Of' thle meIanl n111mber'T o1 I etCS IIs in resona(C. I o)

be precise, definling the average number of centers in) the plobcd volliic oeIII ms ii on

homogeneous wvidth of the laser wavelenlgthI as Nil, there Shiould be Ai sta'11tIC ticlc l Ie It r uirc

(S1:S) present onl the absorption profile scaling inI absolute ruacitulde as \11 (InI tile, li111t

of' Nil1 - > I ). Since SFS arises; fromn the absorption of' Imany overla1ppiu1 inp1u'T1t%

abs;orptrons, the absolute miagnitudei of- thle SI'S is; clearly%. l;irer t11an1 a1 sm'ie nl')ckie

ahsorption signal (whiere Nil- I ).
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Fig. 4 Surface plot of SFS spectra at different laser spot positions. Each SFS spectrum is
the average of 64 scans over the same range of frequencies. A total of 101 spectra wkere
obtained, each with the laser focused to a 20 um spot on the sample and with the laser spot
position displaced by 2 pm along a single spatial axis between spectra.

The bumps and valleys in this figure may be regarded as the 'Fuzz" on the top of tile

"haystack" represented by the pentacene inhomogeneous line that results from tile statistics

of independent, additive random variables. For this data, Nil - 10'.

The rms amplitude of this spectral structure was observed to scale as tile square root

of Nil [7]. Furthermore, SFS may oe used to advantage in that autocorrelation of tile

measured spectra can provide a measure of the underlying homogeneous width[21]. In

recent measurements, SFS has been observed for Nd3 ions in a silica fiber[22,23].
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Fig. 5 FM spectra at 1.4 K near the peak of the Oi absorplion It 592.3 11m for pettacei3c
in j?-terphenyl. The two traces illustrate tle structure of the in holInogencons line elt I e and
aker the burning of'a persistent spectral hole. See Ref, 171.
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It is easy to see that SFS represents a fundamental limit on the detectability of shallow

spectral features in inhomogencous lines. To illustrate this, Figure 5 shows a portion of the

optical spectrum of pentacene in p-terphenyl before and after a spectral hole was burned in

the inhomogeneous line. Viewed another way, SFS places a lower limit on the density of

absorbers in a frequency domain optical storage system, in order for the signal from spectral

holes to be distinguished from the SFS with high reliabilitv[3]. This issue is examined in

the next section; for reliable encoding of digital information, the spectral hole should much

deeper than the SFS signal.

6. LIMITATIONS ON STORAGE DENSITY DUE TO SFS

The high storage density made possible by PSIIB is based on the capability of selectively

addressing subclasses of ions or molecules contained in each irradiated spot of recording

medium. The stress-induced variations in the local environment of the storage centers are

random in nature and consequently centers with a particular resonance frequency are

randomly distributed in the host material. As shown above, a tightly focused laser spot

may interact with such a small ensemble of centers that statistical number fluctuations on

the inhomogeneously broadened line become noticeable. This fundamental source of noise

imposes a limit on the achievable storage density for a given concentration of storage

centers[3].

The essential requirement is that the number-fluctuation noise he sufficiently smaller than

the depth of the written holes so that the required SNR can be obtained for data readout.

The number-fluctuation noise is given by N-V , where V is the focal volume in the

recording medium, i.e., V = Itw2I. with where 1. is active sample thickness and w0 the radius

of the focused beam waist. The sample thickness is approximately limited to the Rayleigh

range of the waist, i.e., Inw2/I. The achievable areal storage density is approximately given

by ) fF,,,/(2w.) 2, where f, is the storage capacity of the frequency domain

(f,, A(,,h/A )ho m). The relative hole depth (AN,,)/N,, is given, as before, by the effective

hole-burning yield i1. For each center concentration, the maximum storage density is

estimated by applying the condition that the relative hole depth he larger than the relative

statistical fluctuations of the number of centers in the volume V by a factor equal to the

required SNR value. This is equivalent to requiring that the photon shot noise be larger

than the statistical fluctuation noise in the readout signal.

Based on these fundamental considerations, it can be shown readily that for a given

center concentration Nt,,, a maximum storage denlsity of'

S4 SNI A(4
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can be obtained, where SNR 0 is the required value of SNR (voltage ratio).

I I I i I
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Fig. 6 Maximum storage density in FDOS achievable versus total concentration of centers,
with effective yield i/e and frequency-domain storage factor f,, as parameters.

Figure 6 shows the predictions of Eq. (4) with rle as a parameter, SNR 0 =20, and

f,,= 1000. For this value of f,,, the storage density is furthermore limited to _< 10l" bits/

cm 2 due to the - l~Im diffraction limit for the laser beam diameter. The dotted line gives

the maximum storage density for f,= 104 and / =0. 1. These results indicate that it is

advantageous to maximize the storage capacity of the frequency domain and the

hole-burning yield while keeping the spatial resolution of the focused laser beam at moderate

levels. For simplicity, contributions from other noise sources have been neglected for this

rather fundamental discussion of statistical noise. Thus, these considerations are applicable

to any FDOS configuration independent of the particular readout scheme.

For example, assuming a laser spot size of l0#m diameter and f,, = 1000 (i.e., a storage

density of 109 bits/cm 2), minimum center concentrations of N,,,, = 5 x 1019 cm 3, 5 x

1017 cm 3, and 5 x 1015 cm 3 are required for a hole-burning yield of 71, = 0.001, 0.01 and

0.1, respectively. Comparison of these values with Fig. 3 shows that statistical number

fluctuations are not the dominant noise source for this storage density. Ilowever, Fig. 6

indicates that very high storage densities in excess of 10i1 bits/cm2 can only be achieved

with PSIIB materials with very high yield and center concentration. In order to achieve a

given storage density, a suitable recording material has to also yield sufficient SNR as

computed from l-qs. (2) and (3).
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6. AN ULTIMATE LIMIT: SINGLE-MOLECULE SPECTROSCOPY IN SOLIDS

A final limit on PSIIB is suggested by the recent observations of the optical absorption

spectrum of a single impurity center in a solid[8]. As opposed to single ion spectroscopy

in vacuum electromagnetic traps[24], in a solid at low temperatures the absorbing center is

essentially at rest, confined by the host lattice, and the normal averaging over many

"equivalent" centers is removed.

It is certainly within the realm of possibility that in a material with a carefully chosen

(gated) hole-burning quantum efliciency, the isolated Lorentzian spectrum of a single

absorber could be recorded, the absorber could be induced to undergo a phototransformation

that causes its absorption to perhaps move to another wavelength, and the resulting lack

of absorption at the original wavelength could be interpreted as information. In preliminary

experiments with the extremely weak hole-burning for pentacene in p-terphenyl, disappearing

single-molecule spectra were observed, though not reliably. It is true that the stochastic

nature of the phototransformation for one center introduces considerable uncertainty in the

burning time. The possibility of using this effect for storage on a molecule-by-molecule

basis, although intriguing, is not actually practical due to the limits on laser spot sizes posed

by diffraction. However, if a near-field optical recording scheme could be realized,

single-center optical recording might become feasible.

7. CONCLUSION

The limitations on PSI-B for FDOS applications resulting from quantum shot noise,

power broadening, and number fluctuations can be used to determine the optimal materials

parameters for this application. The challenge of molecular engineering is to produce a

material satisfying these requirements. On the other hand, alternative configurations for the
storage system involving holographic or time-domain readout may alter the required

properties. In any case, photon-gating with its built-in threshold would be generally expected

to improve performance for all storage applications.
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